Abstract: Cardiac auscultation -even with its limitations -is still a valid and economical technique for the diagnosis of cardiovascular diseases, and despite the growing demand for sophisticated imaging techniques, clinical use of the stethoscope in medical practice has not yet been abandoned. In 1816, René-Théophile-Hyacinthe Laënnec invented the stethoscope, while examining a young woman with suspected heart disease, giving rise to mediated auscultation. He described in detail several heart and lung sounds, correlating them with postmortem pathology. Even today, a correct interpretation of heart sounds, integrated with the clinical history and physical examination, allows to detect properly most of the structural heart abnormalities or to evaluate them in a differential diagnosis. However, the lack of organic teaching of auscultation and its inadequate practice have a negative impact on the clinical competence of physicians in training, also reflecting a diminished academic interest in physical semiotic. Medical simulation could be an effective instructional tool in teaching and deepening auscultation. Handheld ultrasound devices could be used for screening or for integrating and improving auscultatory abilities of physicians; the electronic stethoscope, with its new digital capabilities, will help to achieve a correct diagnosis. The availability of innovative representations of the sounds with phonoand spectrograms provides an important aid in diagnosis, in teaching practice and pedagogy. Technological innovations, despite their undoubted value, must complement and not supplant a complete physical examination; clinical auscultation remains an important and cost-effective screening method for the physicians in cardiorespiratory diagnosis. Cardiac auscultation has a future, and the stethoscope has not yet become a medical heirloom.
Introduction
For over 200 years, cardiac auscultation has been the cornerstone of the clinical approach to the cardiac patient and is still used in medical practice.
Auscultation -empirically used since ancient times -entered as a method of semeiotic survey only at the dawn of the 19th century, thanks to the French physician René-Théophile-Hyacinthe Laënnec(1781-1826), the inventor of the stethoscope, who defined and interpreted most of the acoustic phenomena. 1 The stethoscope, since then, was used as an essential tool for cardiovascular evaluation.
Two hundred years ago, in February 1818, Laënnec presented the discovery and potential application of his stethoscope at the Paris Academy of Sciences and in 1819 published the work De l'auscultation médiate or Traité du Diagnostic des Maladies des Poumon et du Coeur, in two volumes 1 ( Figure 1 ).
Heart auscultation is a routine procedure that provides important clinical-prognostic information and should guide especially general practitioners in proposing further instrumental examinations. However, the decrease of rheumatic valvular disease and the widespread availability of new diagnostic methods of cardiac imaging (in particular, Doppler echocardiography) have reduced the importance of the diagnostic value of auscultation. Nowadays, it is poorly taught, neglected, or improperly performed, with consequent inaccurate and incomplete patient assessments. [2] [3] [4] Nevertheless, auscultation -even with its limitations -remains an important, cost-effective, and widespread approach to a preliminary clinical evaluation by the physician.
Historical perspective
Since the days of Hippocrates (c.460-c.370 BC), physicians performed auscultation of lung and heart sounds by placing their ear directly on the patient's chest, a technique called "immediate auscultation". The succussion splash of hydropneumothorax was one of the first thoracic sounds described by Hippocrates. 5, 6 He also described the friction rub of pleuritis ("a creak like new leather") and other types of medical sounds. 5 Instead, the heart sounds, though they must have been auscultated, were never discussed before William Harvey.
Also, the Roman physician Caelius Aurelianus (fifth century AD), Leonardo Da Vinci (1452-1519), Ambroise Paré (1510-1590), Giovan Battista Morgagni (1682-1771), Gerhard Van Swieten (1700-1772), and others became interested in cardiac auscultation.
In 1628, William Harvey (1578-1657) first treated heart sounds in De Motu Cordis: "With each movement of the heart, when there is the delivery of a quantity of blood from the veins to the arteries, a pulse takes place and can be heard within the chest". 7 Harvey, in his "visceral lectures" of 1616, compared heart sounds to "two clacks of a water bellows to rayse water." 8 Robert Hooke (1635-1703) -secretary of the Royal Society of London, best known for Hooke's Law -was familiar with heart sounds and predicted the utility of auscultation. 9 In 1715, James Douglas (1675-1742), fellow of the Royal Society of London, heard severe aortic regurgitation murmur at some distance from the patient's bedside. 10 In 1757, William Hunter (1718-1783), professor of Anatomy to the Royal Academy, London, described a thrill ("particular vibratory movement") and a murmur ("bruissement") of arteriovenous fistula.
11
Jean-Nicholas Corvisart (1755-1821), one of Laënnec's teachers and physician to Napoleon, suggested the possibility of using the sounds coming from the internal organs to diagnose diseases. 9 Allan Burns (1781-1813), cardiologist and lecturer on anatomy and surgery at Glasgow, described the heart murmurs clearly and in detail. 9 Gaspard-Laurent Bayle (1774-1816) taught Laënnec direct auscultation, but the pupil found the technique uncomfortable and often embarrassing, especially to females.
Immediate auscultation was a useful method for examining the respiratory system, since the ear direct application to the chest allowed auscultation of a large lung area. Instead, it was not equally appropriate for cardiac examination, as it was unfit to locate heart sounds coming from small and circumscribed precordial zones.
But above all, it was essential to meet the needs of decency, hygiene, and opportunity: it was embarrassing to perform immediate auscultation on young women and it was generally difficult to perceive and interpret paraphonic sounds of obese patients. 
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Precisely, during a medical examination of a young woman who presented the general symptoms of heart disease, Laënnec had a brilliant idea for chest auscultation. In order to avoid the embarrassment caused by placing his ear on the girl's breasts, he tightly rolled a sheet of paper into a cylinder and applied one end to the woman's chest and the other to his ear. According to him, "was not a little surprised and pleased to find that I could thereby perceive the action of the heart in a manner much more clear and distinct than I had ever been able to do by the immediate application of my ear." 6, 12 In the following three years, Laënnec experimented with various materials to make the tube and finally decided for a 25-by-2.5-cm hollow wooden cylinder. The instrument was subsequently improved into a more functional portable device, with three detachable cylinders. Thus the stethoscope was born, the first medical instrument that allowed "mediated auscultation". The word stethoscope derives from the Greek stethos=chest and scopein=to examine; "auscultation" was a word coined by Laënnec himself, derived from the Latin auscultare, meaning to listen carefully, and not simply to listen; "Mediate" implied that the auscultation was not direct, but mediated by the tube.
Laënnec studied with his stethoscope cardiac and pulmonary sounds of about 3,000 patients, correlating his antemortem observations with the autopsy findings.
In February 1818, he presented the results of his research at the Académie de médecine, and, in 1819, published the first edition of his masterpiece in two volumes De l'auscultation médiate ou Traité du Diagnostic des Maladies des Poumon et du Coeur, 1 of which more than 3,500 copies were printed. John Forbes (1787-1861) published an English translation of the treatise in London in 1821 and in Philadelphia in 1823. 6 The German translation of the work was made in 1822 and the Italian translation in 1833. In 1826 a second revised edition of the treatise was published, with masterly discussion on the correlation between stetoacoustic findings and autopsy data.
Laënnec coined the terms -which appeared for the first time in his work and are still used today -rhonchi, rales, crepitance, egophony, bronchophony, pectoriloquy, to describe the thoracic acoustic findings that he had auscultated ( Figure 2 ). He erroneously attributed S 1 to ventricular systole and S 2 to atrial systole, rather than the closing of the atrioventricular valves and aortic and pulmonary semilunar valves, respectively.
After the publication of his treatise, Laënnec acquired an important scientific authority: in 1822, he became chair of the College of France, professor of medicine in 1823, and in August 1824, he was made a knight of the Legion of Honor. 13 Cardiac auscultation taught by Laënnec was a great success, and in subsequent years became a crucial component of cardiac physical examination, especially in times of important diffusion of rheumatic valvulopathies. The study of related heart sounds thus became extremely important for a correct diagnosis and for the clinicopathological correlations of heart disease. As all the major innovations that involve a radical change in daily clinical practice, the stethoscope was initially viewed with skepticism by the scientific community of the time and its extensive use occurred only later. The numerous medical students in Paris spread the new instrument everywhere, as many physicians went to Paris from around the world to learn auscultation directly from Laënnec.
Laënnec's invention marked an epochal turning point, greatly improving the diagnostic possibilities with clinical examination. His discovery was considerably influenced by French clinical empiricism, by the studies of Ippolito Francesco Albertini, Giovan Battista Morgagni, Leopold Auenbrugger, and Jean-Nicholas Corvisart, and it was the natural evolution of the new clinicopathological method they introduced, based on bedside examination and pathologic anatomy, and contrary to speculative clinical philosophy.
Thus, the stethoscope represented the new scientific and clinical tool that miraculously allowed the physician to transform the sounds he heard into an image he could see.
In the following years, considerable improvements were made to Laënnec's stethoscope, always based on the original principles of his instrument. In 1851, Arthur Leared (1822-1879) invented a binaural stethoscope with two ear pieces, 14 and in 1852, George Philip Cammann (1804-1863) perfected the design of the stethoscope for commercial production, that then became the standard. 15 Several stethoscopes were subsequently realized with weight and design improvements (using flexible rubber tubes) and equipped with a bell for the auscultation of the low tone sounds and the diaphragm, to better listen to the acute sounds.
The simple stethoscope then evolved into a sophisticated digital device.
The present and future
Cardiac auscultation is a technique in which interpretative reliability is achieved only after long, patient, and careful clinical exercise: the auscultatory finding should be auscultated hundreds of times before it can be recognized and memorized.
However, the competence in this clinical skill has been greatly reduced in the last decades. Already in 1963, Harold Nathan Segall (1897 Segall ( -1990 16 Reliance on technology for cardiovascular diagnosis seems to have reduced the importance of a thorough physical examination at the bedside, since more accurate diagnostic information can be obtained with more recent instrumental methods. Furthermore, fewer resources are currently being devoted to the teaching and the practice of this technique. [2] [3] [4] Several works have shown that the current physical examination skills, especially cardiac auscultation, of students and practicing clinicians are surprisingly inadequate, with significant repercussions on patient safety, medical decisionmaking, and cost-effective care; moreover, acquired auscultatory abilities diminish if they are not exercised enough. This implies the need to improve the teaching and the practice of this important clinical method.
2-4,17-20
There is a global decline of general proficiency in physical diagnostic, as shown by a study of internal medicine residents in the United States, Canada, and England, where the correct assessment on auscultation was made in only 22%, 26%, and 20% of patients, respectively. 21 Likewise, a study on auscultatory proficiency of pediatric residents in the United States showed a low diagnostic accuracy (30%) and poorly improved with training; those who completed a cardiology rotation improved their ability to diagnose diastolic murmurs of aortic regurgitation and, in particular, the ability to recognize a harmless heart murmur. 22 Therefore, on the whole, the sensitivity of cardiac auscultation is low, ranging from 0.21 to 1.00, mainly due to difficulties in the diagnosis of diastolic murmurs; the sensitivity for systolic murmurs alone is better, ranging from 0.67 to 1.00. 23 
Handheld ultrasound
An important technological innovation is the introduction of pocket-sized handheld ultrasound devices, capable of providing a more accurate diagnosis than cardiac auscultation, 
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Montinari and Minelli in patients with suspected heart disease. In effect, several studies have demonstrated the superiority of this practice defined "point-of-care ultrasound". This approach would be useful for medical students, doctors in training, general practitioners, and emergency care physicians, which could perform cardiac imaging quality at reduced costs, decreasing additional tests. [24] [25] [26] [27] This would reaffirm the importance of bedside diagnosis, albeit without a stethoscope, at least for cardiac examination.
Despite the superiority of handheld echocardiography for the detection of many heart abnormalities and the potential use by different operators, expertise in this area requires specific training in both execution and interpretation. 28 Furthermore, a randomized parallel group controlled trial with pocket-sized ultrasound as an aid to physical diagnosis had not shown a greater diagnostic accuracy than the traditional physical exam among medicine residents, after a 3-hour training session and 1 month of independent practice, suggesting the need for a longer or more intense training to exploit the diagnostic potential of such devices. 29 Similarly, a recent systematic review of handheld ultrasound scanners in medical education showed a lack of consensus on the protocols best suited to the training needs of medical students, on long-term impact and decay in skills. 30 Cardiovascular assessment with pocket-sized imaging devices should be considered as an integral part of the patient's physical examination, without replacing auscultation. These tools should be used for screening or to complement and improve auscultatory abilities, since they -by themselves -do not allow the execution of a complete echocardiographic examination. 31 Ultrasound and physical exams are complementary; the peculiar and indispensable purpose of cardiac auscultation is to frame the patient in a clinical setting, in which the echocardiographic findings must also be considered.
New teaching methods, such as auditory training and repetitive listening, facilitate valid identification of murmur and diagnostic learning, and handheld ultrasound can be useful support for teaching auscultation. 32 The digital stethoscope
The development of the electronic and digital stethoscopes has ushered in a new era of computer-aided auscultation. The digital stethoscope -made up of three different modules, called data acquisition, preprocessing, and signal processing -transform acoustic sounds into electronic signals, which can be further amplified to optimize auscultation. The subsequent digitalization of the electronic signals allows the transmission of heart sounds to a PC or laptop, for automated analysis, graphic visualization, storage, and archiving. 33 Furthermore, several digital stethoscopes can -through Bluetooth connection -transmit heart sounds wirelessly to a remote processing network, promoting the evolution and potential applications of telemedicine. 34 Recent studies have suggested the feasibility, in the prehospital phase, of a cardiac auscultation of good diagnostic accuracy using smartphones, although the apps used need further improvements. 35 This use must be further validated by more in-depth studies and researches.
Digital stethoscope -suppressing ambient noise and friction -allows the doctor to auscultate heart and lung sounds as faithfully as possible to the original; this facilitates more accurate diagnosis based on quantifiable clinical evaluation and thereby promotes better medical care. The possibility of automatic acoustic interpretation opens up intriguing future scenarios not only in cardiovascular diagnostics, but also in enhancing the clinical teaching at the bedside.
Finally, doctors with hearing loss -almost 100% of the practitioner >60 years of age -can benefit from electronic stethoscopes.
intelligent phonocardiography -acoustic cardiography
The phonocardiogram is a recording of acoustic waves produced by the mechanical action of the heart, and it was developed in an attempt to provide quantitative and qualitative information of heart sounds and murmurs. The first phonocardiograms resembling modern devices were made by Einthoven and Geluc in 1894, 37 and in 1904, Otto Frank first performed recordings of precordial vibrations with optical amplification or direct phonocardiograms. 38 In the past, this method was particularly useful to clarify heart sounds having abnormal components: atrial sounds, split sounds, opening snaps, gallop rhythms, clicks, and rubs. The efficiency of phonocardiographic diagnosis has been significantly improved by using modern digital signal processing techniques; the analysis of various signals provides a wide range of statistical parameters and consequently aids diagnosis. 39 Several studies have successfully used the discrete wavelet transform in the analysis of pathological severity of aortic and mitral diseases. 40 New intelligent computer-aided diagnosis systems (Intelligent Phonocardiography) based on heart sound signal analysis are used to diagnose various heart diseases (atrial fibrillation, aortic regurgitation, mitral regurgitation, normal sound, pulmonary stenosis, ventricular septal defect, pediatric heart diseases, and assessment of aortic valve stenosis). [41] [42] [43] Acoustic cardiography, a noninvasive and less operatordependent method, allows the acquisition of detailed information on the systolic and diastolic left ventricular function with a computerized interpretation. It can be used in patients with heart failure, ischemia, and cardiac arrhythmias. Its applications include other diseases, such as sleep apnea, constrictive pericarditis, and left ventricular hypertrophy. It is also a cost-effective and time-efficient tool in heart failure follow-up in both home and hospital settings. [44] [45] [46] The innovative representations of the sounds with phonoand spectrograms provide an important aid not only in diagnosis, but also in teaching practice and pedagogy.
Conclusion
Clinical auscultation -despite its limits -remains an important and cost-effective screening technique for cardiovascular diagnosis and is still essential for the doctor. A physical examination performed correctly allows to detect properly most of the structural heart abnormalities or to evaluate them in a differential diagnosis. Auscultatory findings provide important prognostic information and guide physicians in recommending appropriate examinations by limiting further expensive tests. Often, excessive specialization leads students and young doctors to overlook the importance of clinical skills and to overemphasize the use of costly high-tech diagnostic methods, reducing their clinical capacity, which should instead remain one of the most important values acquired during the training period.
Simulation-based medical education could be an effective instructional approach for teaching and deepening auscultation. Digital stethoscopes and intelligent phonocardiography can help the doctor to achieve a correct diagnosis, offering further research perspectives in this area. General practitioners are also possible operators of handheld ultrasound devices.
A balanced approach, combining the clinical method with new digital technology to enhance learning and practice, might be the most appropriate procedure to follow.
After 200 years, the stethoscope has not yet become a medical heirloom, and auscultation of the heart should not be considered a lost art.
Key messages are as follow:
• In 1816, R.T.H. Laënnec invented the stethoscope and in 1819 published his famous masterpiece De l'auscultation médiate.
• Cardiac auscultation is still an important and costeffective screening method for the physician.
• Cardiac auscultation skills are inadequate, probably due to inappropriate use of Doppler echocardiography.
• New technological advances such as the electronic stethoscope, handheld ultrasound devices, and simulationbased medical education are a useful support to improve auscultation.
• A balanced strategy, combining the clinical method with new digital technology to enhance learning, might be the most appropriate procedure to follow.
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